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ABSTRACT

	

The adul t cut i cl e of t he soi l nemat ode, Caenor habdi t i s el egans, i s a pr ot ei naceous

ext r acel l ul ar st r uct ur e el abor at ed by t he under l yi ng l ayer of hypoder mal cel l s dur i ng t he f i nal

mol t i n t he ani mal ' s l i f e cycl e . The cut i cl e i s composed of an out er cor t i cal l ayer connect ed by

r egul ar l y ar r anged st r ut s t o an i nner basal l ayer . The cut i cl e can be i sol at ed l ar gel y i nt act and

f r ee of al l cel l ul ar mat er i al by soni cat i on and t r eat ment wi t h 1%sodi um dodecyl sul f at e ( SDS) .

Pur i f i ed cut i cl es exhi bi t a negat i ve bi r ef r i ngence due t o or der ed mat er i al i n t he basal cut i cl e

l ayer . The cut i cl e l ayer s di f f er i n t hei r sol ubi l i t y i n sul f hydr yl r educi ng agent s, suscept i bi l i t y t o

var i ous pr ot eol yt i c enzymes and ami no aci d composi t i on . The st r ut s, basal l ayer , and i nt er nal

cor t i cal l ayer ar e composed of col l agen pr ot ei ns t hat ar e ext ensi vel y cr oss- l i nked by di sul f i de

bonds . The ext er nal cor t i cal l ayer appear s t o cont ai n pr i mar i l y noncol l agen pr ot ei ns t hat ar e

ext ensi vel y cr oss- l i nked by nonr educi bl e coval ent bonds . The col l agen pr ot ei ns ext r act ed f r om

t he cut i cl e wi t h a r educi ng agent can be separ at ed by SDS- pol yacr yl ami de gel el ect r ophor esi s

i nt o ei ght maj or speci es di f f er i ng i n appar ent mol ecul ar wei ght .

The cut i cl e of t he smal l , f r ee- l i vi ng soi l nemat ode, Caenor hab-
di t i s el egans, i s a mul t i l ayer ed ext r acel l ul ar st r uct ur e t hat com-
pl et el y sur r ounds t he ani mal except f or smal l openi ngs i nt o t he
phar ynx, anus, excr et or y por e, and vul va . The ent i r e cut i cl e i s
sl oughed of f and r epl aced at each of f our post embr yoni c mol t s

under t he di r ect i on of an under l yi ng l ayer of hypoder mal

t i ssue, whi ch, f or t he most par t , consi st s of a si ngl e l ar ge
syncyt i um t hat ext ends t hr oughout t he l engt h of t he ani mal
( 1) . Bot h t he synt hesi s and secr et i on of cut i cl e component s by
t he hypoder mi s ar e t i ght l y coupl ed t o t he mol t i ng cycl es ( 2, 3) .
The mol t s ar e not equi val ent , however , f or at l east f our of t he
devel opment al st ages of C. el egans possess cut i cl es t hat di f f er
f r omone anot her i n mor phol ogy ( 4, our unpubl i shed r esul t s) .
C. el egans i s an or gani smwel l - sui t ed t o genet i c st udi es ( 5) , and
many mut ant s have been i sol at ed t hat exhi bi t gr oss mor pho-
l ogi cal changes i n cut i cl e st r uct ur e ( 6 ; unpubl i shed r esul t s) .
These f act s l ead us t o bel i eve t hat t he f or mat i on of t he C.
el egans cut i cl e i s a pr omi si ng syst em i n whi ch t o st udy t he
genet i c speci f i cat i on of a compl ex ext r acel l ul ar st r uct ur e.

However , l i t t l e wor k has been r epor t ed on t he ul t r ast r uct ur e
or bi ochemi cal composi t i on of t he C. el egans cut i cl e ( 7, 8) .
Most bi ochemi cal st udi es of nemat ode cut i cl es have f ocused
on t he l ar ge par asi t i c nemat ode, Ascar i s l umbr i coi des, wher e
sur gi cal i sol at i on of si ngl e cut i cl es i s conveni ent . The Ascar i s
cut i cl e has been shown t o be composed pr i nci pal l y of col l agen
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pr ot ei ns cr oss- l i nked by di sul f i de bonds ( 9) . The cut i cl e of t he
smal l f r ee- l i vi ng nemat ode, Panagr el l us si l usi ae, has al so r e-
cent l y been shown t o consi st pr i mar i l y of col l agen pr ot ei ns
cr oss- l i nked by di sul f i de bonds ( 10) .

We descr i be her e met hods f or obt ai ni ng pur e cut i cl es f r om
synchr onous popul at i ons of C. el egans adul t s . We al so char -

act er i ze t he mor phol ogi cal f eat ur es of t he adul t cut i cl e and
pr esent i nf or mat i on on i t s bi ochemi cal composi t i on.

MATERI ALS AND METHODS

Nemat ode St r ai ns and Cul t i vat i on

The wi l d t ype Br i st ol st r ai n of Caenor habdi t i s el egans, desi gnat ed N2, was
or i gi nal l y obt ai ned f r om Sydney Br enner ( Cambr i dge, Engl and) . f er - 1( hc1t s) I
and hi m- 8( e1489) I V have been descr i bed pr evi ousl y ( 11, 12) .

The dauer l ar va i s a devel opment al al t er nat i ve t o t he L3 j uveni l e, whi ch i s
f or med i n r esponse t o adver se envi r onment al condi t i ons ( 4) . Lar ge number s of
dauer l ar vae wer e obt ai ned usi ng egg- whi t e pl at es ( a modi f i cat i on of a met hod
communi cat ed t o us by Davi d Bai l l i e, Si mon Fr aser Uni ver si t y) , whi ch ar e
pr epar ed by st i r r i ng t he whi t e of one chi cken egg wi t h 50 ml of boi l i ng di st i l l ed
wat er f or sever al seconds, homogeni zi ng t he mi xt ur e f or l mi n i n a War i ng
bl ender ( War i ng Pr oduct s Di v . , Dynami cs Cor p. of Amer i ca, New Har t f or d,
Conn. ) , and l ayer i ng 3- 4 ml of t he r esul t i ng l i qui d sl ur r y ont o a st andar d 100-
mmNGMpl at e ( 5) . When dr y, t hese pl at es ar e seeded wi t h - 1, 500 dauer l ar vae
and i ncubat ed at 20° C. Appr oxi mat el y 1 x 105 dauer l ar vae ar e usual l y r ecover ed
per pl at e af t er 5- 7 days' i ncubat i on t i me.

For pur i f i cat i on of dauer l ar vae, ani mal s f r om i ndi vi dual egg- whi t e pl at es



wer e i ncubat ed wi t h 5- 10 ml of 1% sodi umdodecyl sul f at e ( SDS) f or 30- 60 mi n
( 4) , col l ect ed by l ow speed cent r i f ugat i on, r esuspended i n 0. 5- 1 ml of M9 buf f er

( 5) , and spun t hr ough a 2- ml cushi on of i ce- col d 15% £i col l f or 10 mi n at 300 g.

I nt act dauer l ar vae pel l et t hr ough t he £i col l whi l e egg mat t er and wor mcar casses

r emai n at t he i nt er f ace . Thi s i sol at i on pr ocedur e was usual l y r epeat ed. St ock

sol ut i ons of dauer l ar vae wer e st or ed at 16' C i n M9 buf f er unt i l use .

Lar ge synchr onous adul t popul at i ons wer e gr own f r omdauer l ar vae on 100-

mmpet r i di shes cont ai ni ng 30 ml of 8P medi a ( 13) , usi ng E. col t st r ai n OP50 as

a f ood sour ce . Adul t ani mal s wer e har vest ed af t er 28 h of gr owt h f r om dauer at

25° C ( or 40 h at 20° C) , whi ch i s sever al hour s af t er t he compl et i on of t he f i nal

mol t ( 2) .

A popul at i on enr i ched f or mal es was obt ai ned usi ng hi m- 8, whi ch pr oduces

36% mal e pr ogeny ( 12) . These popul at i ons wer e f ur t her enr i ched f or mal es by

l ayer i ng synchr onous adul t ani mal s ont o a 30- pi n mesh nyl on f i l t er suspended

over a di sh of gent l y st i r r ed M9 buf f er ( Mi chael Kl ass, Uni ver si t y of Houst on,

per sonal communi cat i on) . Because of t hei r smal l er si ze, mal es ar e abl e t o cr awl

t hr ough t he mesh openi ngs whi l e her maphr odi t es ar e r et ai ned. 98%of t he ani mal s

col l ect ed af t er 4- h wer e mal es .

I sol at i on of Cut i cl es

The met hods out l i ned bel ow ar e f or a t ypi cal pr epar at i on of 1 x 105 adul t s .

Al l ext r act i on st eps except t hose i nvol vi ng SDS wer e per f or med on i ce . Nema-

t odes ( 2- 3 x 10' / t ube) wer e washed f r ee of bact er i a wi t h M9 buf f er , suspended

i n 5 ml of soni cat i on buf f er ( 10 mMTr i s- HCI , pH 7 . 4, 1 mM EDTA, 1 mM

phenyl met hanesul f onyl f l uor i de [ PMSFJ) , and gi ven t en 20- sec bur st s of a

Bi osoni k I I I soni f i er ( Br onwi l l Sci ent i f i c, I nc . , Rochest er , N. Y. ) . Cut i cl e pi eces

wer e col l ect ed by cent r i f ugat i on f or 4 mi n at 300 g and washed sever al t i mes wi t h

10 ml of soni cat i on buf f er . Cut i cl es wer e t hen t r ansf er r ed t o a 1 . 5- ml mi cr of uge

t ube, suspended i n 1 ml of ST buf f er ( 196 SDS, 0. 125 MTr i s- HCI , pH 6. 8) and

heat ed f or 2 mi n at 100° C. Af t er sever al hour s of i ncubat i on at r oomt emper at ur e,

cut i cl es wer e spun down i n a Br i nkmann mi cr ocent r i f uge ( 60 sec ; Br i nkmann

I nst r ument s, I nc . , West bur y, N. Y. ) and ext r act ed agai n wi t h ST buf f er , as

descr i bed above. As wi l l be demonst r at ed i n Resul t s, cut i cl es t r eat ed t hi s way

appear f r ee of cel l ul ar and membr anous mat er i al . However , cut i cl e pr epar at i ons

f r omwi l d- t ype ( N2) ani mal s ar e cont ami nat ed by empt y eggshel l s der i ved f r om

f er t i l i zed eggs cont ai ned wi t hi n t he her maphr odi t es and r el eased dur i ng soni ca-

t i on . For many exper i ment s, t hi s cont ami nant was el i mi nat ed by usi ng a t emper -

at ur e- sensi t i ve f er t i l i zat i on- def ect i ve mut ant of C. el egans, f er - ! , and gr owi ng t he

ani mal s under r est r i ct i ve condi t i ons ( i . e . , at 25° C) . The di sul f i de cr oss- l i nked

pr ot ei ns of t he cut i cl e wer e sol ubi l i zed by heat i ng pur i f i ed cut i cl es f or 2 mi n at

100° C i n 0. 5 ml of ST buf f er , 5%ß- mer capt oet hanol ( BME) and agi t at i ng gent l y
f or sever al hour s at r oom t emper at ur e . The i nsol ubl e cut i cl e mat er i al was

ext r act ed agai n wi t h ST buf f er , 5%BME, as descr i bed above, washed sever al

t i mes wi t h di st i l l ed wat er , and l yophi l i zed. Al l pr ot ei n sampl es wer e st or ed f r ozen

at - 20° C.

Gel El ect r ophor esi s

Di scont i nuous SDS- pol yacr yl ami de sl ab gel el ect r ophor esi s ( SDS- PAGE) was

car r i ed out i n a Model 220 el ect r ophor esi s appar at us ( Bi o- Rad Labor at or i es,

Ri chmond, Cal i f . ) usi ng, wi t h onl y mi nor modi f i cat i ons, t he buf f er syst ems

descr i bed by Laemml i and Favr e ( 14) . Pr ot ei ns wer e vi sual i zed by st ai ni ng f or 1

h wi t h 0. 1 or 0. 25%Coomassi e Br i l l i ant Bl ue R- 250, 50%met hanol , 10% acet i c

aci d, and dest ai ned by di f f usi on i n 5% met hanol and 10%acet i c aci d . Appar ent

mol ecul ar wei ght s wer e det er mi ned usi ng t he f ol l owi ng pr ot ei ns as mol ecul ar

wei ght mar ker s : myosi n ( 212, 000) , B- gal act osi dase ( 116, 000) , phosphor yl ase b

( 92, 500) , bovi ne ser umal bumi n ( 66, 000) , oval bumi n ( 43, 000) , a- chymot r ypsi no-

gen ( 25, 700) , and myogl obi n ( 17, 200) . I ndi vi dual l anes of sl ab gel s wer e scanned

at 595 nmi n a Beckman Model 25 spect r ophot omet er ( Beckman I nst r ument s,

I nc . , Ful l er t on, Cal i f ) equi pped wi t h a l i near t r anspor t gel scanner , and t he

r el at i ve pr opor t i ons of t he di f f er ent pr ot ei n bands est i mat ed by wei ghi ng cut out s

of t he i ndi vi dual peaks.

El ect r on Mi cr oscopy

Nemat odes and cut i cl e pr epar at i ons wer e f i xed over ni ght i n 3%gl ut ar al dehyde

i n 0 . 1 Msodi umphosphat e, pH 7. 4, post f i xed f or 1 h i n 1%Os04 i n 0. 1 Msodi um

phosphat e, pH 7. 4, and dehydr at ed t hr ough a gr aded et hanol ser i es, al l at 0° C,

as descr i bed by Mackenzi e et al . ( l 5) . Nemat odes wer e cut i n hal f wi t h a scal pel

af t er l h i n t he f i r st f i xat i ve . Sampl es f or scanni ng el ect r on mi cr oscopy wer e

cr i t i cal poi nt - dr i ed wi t h COs, coat ed wi t h al t er nat i ng l ayer s of car bon and gol d,

and obser ved i n a JSM- 2 scanni ng el ect r on mi cr oscope . Sampl es f or t r ansmi ssi on

el ect r on mi cr oscopy wer e agar - embedded bef or e dehydr at i on and f i nal embed-

di ng i n Ar al di t e 502 r esi n ( Ladd Resear ch I ndust r i es, I nc . , Bur l i ngt on, Vt . ) . Thi n

sect i ons wer e st ai ned wi t h ur anyl acet at e, f ol l owed by l ead ci t r at e, and obser ved
i n a Jeol 100- B t r ansmi ssi on el ect r on mi cr oscope .
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Li ght Mi cr oscopy

A Zei ss WL mi cr oscope equi pped wi t h phase- cont r ast opt i cs and cr ossed
pol ar i zer s was used f or t hese st udi es . Phot omi cr ogr aphs wer e made wi t h an

Ol ympus camer a ( Ol ympus Cor por at i on of Amer i ca, New Hyde Par k, N. Y. )

at t ached t o t he mi cr oscope.

Enzyme Di gest i on St udi es

For l i ght mi cr oscopy st udi es, SDS- pur i f i ed cut i cl es wer e washed once wi t h an
appr opr i at e buf f er ( see bel ow) and i ncubat ed wi t h t he f ol l owi ng enzymes at a
densi t y of 2 x I O' cut i cl es/ ml : Cl ost r i di al col l agenase ( Type I I I ; Si gma Chemi cal
Co . , St . Loui s, Mo . ) , 2 mg/ ml i n 100 mM Tr i s- HCI ( pH 7 . 4) , 1 MM CaC12;
pr onase ( Wor t hi ngt on Bi ochemi cal Cor p. , Fr eehol d, N. J . ) , 400 f i g/ ml i n 100 mM
Tr i s- HCI , pH 7 . 5, 5 mMCaCl z; el ast ase ( Type I ; Si gma) , 5 mg/ ml i n 200 mM
Tr i s- HCI , pH 8. 8; chi t i nase ( Si gma) , 12 mg/ ml i n 50 mMpot assi um phosphat e,
pH 6. 2 ; and l i pase ( Type VI I ; Si gma) , 500 yg/ ml i n 50 mMTr i s- HCI , pH 7 . 5 .
I ncubat i ons wer e car r i ed out at 37° C i n mi cr ocent r i f uge t ubes or at r oom
t emper at ur e ( - 22° C) on gl ass mi cr oscope sl i des r i nged wi t h pet r ol eumj el l y .

For el ect r ophor esi s st udi es t o det er mi ne ef f ect s of col l agenase t r eat ment ,
BME- sol ubl e cut i cl e pr ot ei ns i n ST buf f er , 5%BME wer e pr eci pi t at ed wi t h 90%
acet one ( 16) , ai r - dr i ed, suspended i n 50 mMTr i s- HCI , pH 7. 4, 0. 15 MNaCl , 5

MMCaC12 , 10 mMN- et hyl mal ei mi de, and i ncubat ed wi t h and wi t hout ( cont r ol s)
Cl ost r i di al col l agenase ( Type VI , Si gma) f or 2- 12 h at 37° C, at enzyme t o
subst r at e r at i os of 1 : 3 or 1 : 10. Noncol l agen pr ot ei ns nor mal l y used as mol ecul ar

wei ght mar ker s wer e t r eat ed wi t h col l agenase i n par al l el i ncubat i ons . React i ons

wer e t er mi nat ed by di l ut i on i nt o el ect r ophor esi s sampl e buf f er and heat i ng f or 2

mi n at 100° C. Sampl es wer e el ect r ophor esed di r ect l y .

Chemi cal Met hods

Pr ot ei n concent r at i ons wer e est i mat ed by a modi f i cat i on of t he met hod of
Lowr y et al . ( 17) usi ng bovi ne ser um al bumi n as a st andar d. Pr ot ei ns wer e

pr eci pi t at ed f r om SDS sol ut i ons and washed t wi ce wi t h 90% acet one bef or e

anal ysi s .

Neut r al sugar cont ent was est i mat ed by t he phenol - sul f ur i c aci d assay of
Duboi s et al . ( 18) usi ng D- gl ucose as a st andar d. Lyophi l i zed cut i cl e sampl es wer e

hydr ol yzed f or 2 h i n 1 . 5 NH2 SO4 at 100' C bef or e anal ysi s . Ami no sugar s wer e
quant i f i ed usi ng D- gl ucosami ne as a st andar d, as descr i bed by Gai t and Ber man

( 19) .

Sampl es f or ami no aci d anal ysi s wer e hydr ol yzed i n evacuat ed seal ed t ubes at

110° C f or 24 h i n 6 NHCI and pr ocessed on a Dur r um D- 500 ami no aci d

anal yzer . Cyst ei ne was det er mi ned as cyst ei c aci d on sampl es t hat had been

oxi di zed wi t h per f or mi c aci d ( 20) . No cor r ect i ons wer e made f or ami no aci ds

dest r oyed dur i ng hydr ol ysi s .

FI GURE 1

	

Sur f ace f eat ur es al ong a l at er al si de of an adul t cut i cl e

seen i n t he scanni ng el ect r on mi cr oscope . Many annul i ar e vi si bl e

i n r egul ar t r ansver se r ows per pendi cul ar t o si ngl e t r i - l obed al a . The

or i ent at i on of t he annul i and al ae i n a cut i cl e ar e sket ched i n Fi g . 3 .

Fi el d wi dt h, 30 pi n .



RESULTS

Adul t Cut i cl e St r uct ur e

C. el egans adul t s ar e ^- 1, 300 gml ong and 601Emwi de . Except

f or smal l openi ngs i n t he phar ynx, anus, excr et or y por e, and

vul va, t he ent i r e ani mal i s encased wi t hi n an ext r acel l ul ar

cut i cl e t hat i s - 0 . 5 t Lm t hi ck . The st r uct ur e of t he cut i cl e i s

basi cal l y si mi l ar t hr oughout most of t he l engt h of t he ani mal .

The most pr omi nent sur f ace f eat ur es of t he cut i cl e ar e t he al ae,

whi ch r un al ong t he l at er al si des of t he ani mal and ar e com-

posed of t hr ee cl osel y spaced t r eadl i ke pr oj ect i ons upon whi ch

t he ani mal l i es when movi ng ( Fi gs. 1 and 2 C) . The cut i cl e i s

i ndent ed ci r cumf er ent i al l y at r egul ar 1- , um i nt er val s, cr eat i ng

pl eat ed- appear i ng annul i ( Fi gs . 1 and 2A) . The pat h of each

annul us i s cont i nuous ar ound t he wor m except at t he l at er al

r i dges wher e i t i s i nt er r upt ed by t he al ae .

The i nt er nal ar chi t ect ur e of t he cut i cl e i s compl ex, consi st i ng

of t wo mai n l ayer s of about equal t hi ckness separ at ed by a

cl ear space t hat i s pr obabl y f l ui d- f i l l ed ( Fi g . 2) . Col umnar

st r uct ur es, whi ch we t er m " st r ut s" , j oi n one l ayer t o t he ot her

and ar e most of t en seen l yi ng beneat h t he annul ar f ur r ows .

St r ut s ar e not obser ved beneat h t he al ae . The i nner or basal

cut i cl e l ayer i s compr i sed of t hr ee subl ayer s : an amor phous

l ayer adj oi ni ng t he hypoder mi s and t wo l ayer s of t i ght l y or -

gani zed f i ber s t hat spi r al ar ound t he ani mal i n opposi t e di r ec-

t i ons . The out er most f i ber l ayer spi r al s ar ound t he ani mal i n a

cl ockwi se di r ect i on f r om head t o t ai l , wher eas t he i nner f i ber

l ayer spi r al s i n a count er cl ockwi se di r ect i on. Smal l pat ches of

f i ber s ar e al so pr esent i n t he out er or cor t i cal cut i cl e l ayer

under l yi ng t he t hr ee al ae r i dges . The cor t i cal cut i cl e l ayer i s

FI GURE 2

	

Tr ansmi ssi on el ect r on mi cr ogr aphs of t he adul t cut i cl e . A, l ongi t udi nal sect i on showi ng t he or gani zat i on of t he basal

( bl ) and cor t i cal ( cl ) cut i cl e l ayer s, st r ut s ( st ) , and annul i ( an) . The hypoder mi s ( h) and a muscl e cel l ( m) ar e al so vi si bl e . x 23, 400 .

B, hi gher magni f i cat i on t r ansver se sect i on showi ng t he det ai l ed f i ne st r uct ur e of t he cut i cl e. The t wo f i ber l ayer s ( f l ) and ext er nal

cor t i cal l ayer ( ecl ) ar e i ndi cat ed . x 70, 300 . C, t r ansver se sect i on of t he l at er al al ae. x 29, 100 . Bar , 0. 5 gm.

COX ET AL .
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bounded by a t hi n, ver y osmi ophi l i c l ayer t hat i s r ef er r ed t o as
t he ext er nal cor t i cal l ayer ( 21) . The r emai nder of t he cor t i cal
l ayer appear s devoi d of any r egul ar st r uct ur e, al t hough at l east

t wo l ayer s of di f f er ent el ect r on densi t y can be di st i ngui shed.

The most dense of t hese l ayer s, whi ch di r ect l y apposes t he

ext er nal cor t i cal l ayer , becomes t aper ed t owar d each of t he
annul ar f ur r ows .

Var i at i ons i n t he t hi ckness and mor phol ogy of t he cor t i cal
l ayer gi ve r i se t o t he sur f ace st r uct ur es of t he cut i cl e, t he al ae
and annul i . The mor phol ogy of t he basal l ayer , i n cont r ast ,

appear s uni f or m t hr oughout t he wor m. A di agr am summar i z-
i ng t hese f eat ur es of cut i cl e mor phol ogy i s pr esent ed i n Fi g . 3 .

Mor phol ogi cal Char act er i st i cs of

I sol at ed Cut i cl es

The cut i cl e can be i sol at ed l ar gel y i nt act by soni cat i on and

br i ef t r eat ment wi t h 1%SDS at 100° C, as descr i bed i n Mat e-
r i al s and Met hods . SDS t r eat ment i s necessar y t o r emove
t i ght l y adher i ng muscl e f r agment s and ot her r emai ns of t he

body wal l . Cut i cl e ar chi t ect ur e i s not r eadi l y obser vabl e by

l i ght mi cr oscopi c obser vat i on of l i vi ng ani mal s . The cut i cl e i s

t r anspar ent and obscur ed by under l yi ng t i ssues . I sol at ed cut i -
cl es, as obser ved by phase- cont r ast mi cr oscopy, gener al l y mai n-

t ai n a r i gi d, t ubel i ke appear ance even af t er cel l ul ar mat er i al

has been r emoved ( Fi g. 4) . St r ut s appear as smal l , r ound, dense

bodi es and can be cl ear l y seen t o be or gani zed i nt o r egul ar

t r ansver se r ows on ei t her si de of t he annul ar i ndent at i ons ( Fi g .

4 B) . To a much l esser ext ent , st r ut s ar e al so pr esent si ngl y i n

an appar ent l y r andomar r angement bet ween t he annul ar f ur -

A

I r nI I MAL

KAMaus
I r I I TI I AI

I r 1I I I MI I an

I I I ~ I YNI KI I I I I cm
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FI GURE 3

	

Di agr ammat i c sket ch of t he adul t cut i cl e . A, cr oss sect i on

of an adul t nemat ode showi ng t he gener al or gani zat i on of t he

cut i cl e and under l yi ng hypoder mi s . e, magni f i ed vi ewof t he i nt er nal

anat omy of t he cut i cl e. Nei t her f i gur e i s dr awn t o scal e.

r ows . The cut i cl e l i ni ngs of t he phar ynx, anus, excr et or y por e,
and vul va ar e al so pr eser ved by t hese t r eat ment s ( see Fi g . 4A) .

The gener al cut i cl e sur f ace t opogr aphy i s appar ent l y l i t t l e

af f ect ed by t hese t r eat ment s ( Fi g. 4 C) , as j udged by compar i son

t o sur f ace anat omy of ani mal s pr epar ed f or SEM ( Fi g. 1) or

l i vi ng ani mal s coat ed wi t h f l uor escei n- conj ugat ed goat ant i -

r abbi t ant i bodi es ( r ef er ence 6) .

Tr ansmi ssi on el ect r on mi cr ogr aphs of pur i f i ed cut i cl es ( Fi g .

5) ver i f y t hat cel l ul ar mat er i al , i ncl udi ng muscl e bundl es and

basement l ami na, have been r emoved by SDS. The basal and

cor t i cal l ayer s ar e easi l y di st i ngui shed i n t hese cut i cl es and

appear si mi l ar t o t he cor r espondi ng st r uct ur es of i n si t u cut i cl es

( compar e t o Fi g. 2 B) . The t wo cut i cl e l ayer s ar e usual l y

separ at ed f r om each ot her but j oi ned by t he st r ut s beneat h t he

annul ar f ur r ows . Al t hough st r ut s ar e not evi dent i n t he el ect r on

mi cr ogr aphs pr esent ed i n Fi g. 5, t hey wer e usual l y obser ved i n

t hi cker sect i ons. The t wo f i ber l ayer s appear mor e di sor gani zed

i n SDS- t r eat ed cut i cl es and t he annul i ar e al so l ess shar pl y

def i ned. The l at er al al ae t ypi cal l y di spl ay a buckl ed appear ance

( Fi g. 5 B) , al l owi ng cl ear vi sual i zat i on of t he f i br ous el ement s

t hat under l i e t hese st r uct ur es. The el ect r on mi cr oscopy evi -

dence i ndi cat es t hat wher eas soni cat i on and SDS t r eat ment

may have par t i al l y denat ur ed por t i ons of t he cut i cl e ( e . g. , t he
f i ber l ayer s) or sol ubi l i zed some st r uct ur al component s, t hese

t r eat ment s l eave cut i cl es i nt act wi t h many mor phol ogi cal f ea-

t ur es st i l l pr eser ved .

Pur i f i ed cut i cl es exhi bi t a weak but char act er i st i c bi r ef r i n-

gence when vi ewed wi t h pl ane- pol ar i zed l i ght ( Fi g . 6) . Usi ng

compensat or s, we have det er mi ned t hat t he di r ect i on of bi r e-

f r i ngence i s t r ansver se t o t he l ong axi s of t he wor m( negat i ve

bi r ef r i ngence) , opposi t e t o t hat of t he muscl es . Al ong t wo

nar r ow l i nes cor r espondi ng t o t he l at er al al ae, cut i cl e bi r ef r i n-

gence i s posi t i ve r at her t han negat i ve . The cut i cl e l i ni ngs of t he

anus and phar ynx al so appear bi r ef r i ngent .

Bi ochemi cal Composi t i on of I sol at ed Cut i cl es

As a gr oss measur e of composi t i on and r egi onal di f f er ent i a-

t i on, we exami ned t he suscept i bi l i t y of pur i f i ed cut i cl es t o

di gest i on by t he var i ous enzymes l i st ed i n Tabl e I . The ef f ect s

of t hese enzymes on t he t wo vi si bl e cut i cl e l ayer s and t he st r ut s

wer e moni t or ed by phase- cont r ast mi cr oscopy . Sampl e r esul t s

ar e shown i n Fi g. 7 . Wi t hi n 2 h, t he i nner cut i cl e l ayer and

st r ut s ar e dest r oyed by bact er i al col l agenase or pr onase . The

st r ut s di ssol ve f i r st , al l owi ng t he i nner and out er cut i cl e l ayer s

t o separ at e f r om one anot her and causi ng t he cut i cl es t o appear

as " doubl e bags . " The out er cut i cl e l ayer becomes f ai nt af t er

t r eat ment wi t h t hese enzymes, but i s st i l l pr esent af t er 18 h of
i ncubat i on . The cor t i cal l ayer mat er i al r esi st ant t o t hese en-
zymes exhi bi t s no det ect abl e bi r ef r i ngence . The cut i cl e l i ni ng

of t he phar ynx i s not vi si bl y di gest ed by col l agenase but i s

di gest ed by pr onase . El ast ase di gest s bot h t he i nner and out er

cut i cl e l ayer s, but not t he phar ynx cut i cl e . These exper i ment s
i ndi cat e t hat pr ot ei n i s pr i mar i l y r esponsi bl e f or t he i nt egr i t y

of t he cut i cl e and t hat di f f er ences exi st i n t he pr i mar y st r uct ur es

of t he pr ot ei n component s of t he i nner and out er cut i cl e l ayer s

and t he phar ynx cut i cl e .

Addi t i on of sul f hydr yl r educi ng agent s ( BME or di t hi ot hr e-
i t ol ) t o pur i f i ed cut i cl es i n t he pr esence or absence of denat ur -
i ng agent s causes t hemt o l ose most of t hei r st r uct ur e. 69%of

t he cut i cl e by wei ght i s di ssol ved ( Tabl e I I ) . By phase- cont r ast

mi cr oscopy, t he st r ut s and i nner cut i cl e l ayer ar e obser ved t o
di ssol ve, l eavi ng an out er cut i cl e l ayer t hat col l apses upon i t sel f
i n pl eat s ( Fi g. 4D, Tabl e I ) . The cut i cl e l i ni ng of t he phar ynx



FI GURE 4 Phase- cont r ast mi cr ogr aphs of SDS- pur i f i ed cut i cl es . A, l ow magni f i cat i on mi cr ogr aph showi ng t he r i gi d, t ubel i ke
appear ance of pur i f i ed cut i cl es . Ar r ows poi nt t o t he cut i cl e l i ni ng of t he vul va ( vu) and anus ( an) . x 300. B, hi gher magni f i cat i on
vi ew showi ng t he or der ed ar r ay of t he st r ut s beneat h t he annul ar f ur r ows . x 5, 000 . C, annul i and l at er al al ae of pur i f i ed cut i cl es .
x 2, 000 . D, cut i cl e mat er i al r emai ni ng af t er t r eat ment wi t h BME. x 300.

i s al so sol ubi l i zed . The i nsol ubl e cor t i cal l ayer mat er i al i s no

l onger bi r ef r i ngent and t he demar cat i ons of t he annul i and

al ae ar e no l onger di st i nct i n t hese cut i cl es . El ect r on mi cr o-

gr aphs of t he i nsol ubl e cut i cl e mat er i al ( Fi g. 5) conf i r m t hat

t he basal l ayer and st r ut s ar e di ssol ved by BME and i ndi cat e

f ur t her t hat most of t he i nt er nal cor t i cal l ayer has al so been

sol ubi l i zed . Onl y t he ext er nal cor t i cal l ayer and a smal l amount

of adher i ng i nt er nal cor t i cal l ayer mat er i al ar e l ef t i nt act af t er

t r eat ment wi t h BME.

As a f ur t her measur e of chemi cal di f f er ences, ami no aci d

composi t i ons wer e det er mi ned f or t he pr ot ei n component s of

t he BME- sol ubl e and i nsol ubl e cut i cl e f r act i ons ( Tabl e I I I ) .

The composi t i ons of bot h gr oups of pr ot ei ns ar e unusual . The

sol ubl e cut i cl e pr ot ei ns have an ami no aci d pr of i l e char act er -

i st i c of col l agens : t hese pr ot ei ns cont ai n l ar ge amount s of

gl yci ne ( 26%) , al ani ne ( 11%) , pr ol i ne ( 11%) , and hydr oxypr o-

l i ne ( 12%) , and ar e r i ch i n t he aci di c ami no aci ds and poor i n

t he basi c and ar omat i c ami no aci ds. Hydr oxyl ysi ne was not

det ect ed. These pr ot ei ns al so cont ai n si gni f i cant amount s of

cyst ei ne ( 3%) .

The i nsol ubl e cut i cl e pr ot ei ns have a composi t i on si mi l ar t o,

but di st i nct f r om t hat of , t he sol ubl e cut i cl e pr ot ei ns . Most

not abl y, t he i nsol ubl e pr ot ei ns cont ai n decr eased amount s of

gl yci ne ( 22%) and t he basi c ami no aci ds and i ncr eased amount s

of al ani ne ( 19%) and val i ne . Al t hough t he t ot al i mi no aci d

cont ent ( 21%) of t he i nsol ubl e cut i cl e pr ot ei ns i s si mi l ar t o t hat

of t he sol ubl e pr ot ei ns, many f ewer of t he pr ol i ne r esi dues ar e

hydr oxyl at ed.

Bot h cut i cl e f r act i ons cont ai n a smal l amount of car bohy-

dr at e : t he i nsol ubl e cut i cl e mat er i al cont ai ns bot h neut r al and

ami no sugar s, wher eas onl y neut r al sugar s wer e det ect ed i n t he

sol ubl e cut i cl e mat er i al ( Tabl e I I ) .
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FI GURE 5

	

Tr ansmi ssi on el ect r on mi cr ogr aphs of pur i f i ed adul t cut i cl es bef or e and af t er t r eat ment wi t h BME. A and 8, SDS- pur i f i ed

cut i cl es . The t hr ee subl ayer s of t he basal l ayer ( bl ) and var yi ng el ect r on- dense zones of t he cor t i cal l ayer ( cl ) ar e cl ear l y vi si bl e i n

t he cut i cl es shown i n A. Onl y one of t he t wo f i ber l ayer s appear s f i br i l l ar i n t hese cut i cl es, due t o t he or i ent at i on of t he sect i on .

Annul ar f ur r ows ( af ) ar e i ndi cat ed . B, buckl ed appear ance of t he l at er al al ae af t er t r eat ment wi t h SDS. Not e t he f i br i l l ar mat er i al

under l yi ng t he al ae. C, cut i cl e mat er i al r emai ni ng af t er t r eat ment wi t h BME. Ar r ows poi nt t o t he r emai ns of t he l at er al al ae . Al l

mi cr ogr aphs x 12, 200. Bar , 1 Wm.

Char act er i zat i on of Sol ubl e Cut i cl e Pr ot ei ns

	

6%gel s ( Fi g. 8A) , t hese pr ot ei ns ar e separ at ed i nt o ei ght maj or

by SDS PAGE

	

component s of appr oxi mat el y 55, 000, 70, 000, 90, 000, 105, 000,

140, 000, 170, 000, 200, 000, and 210, 000 mol wt . These maj or

The pr ot ei ns r el eased f r om pur i f i ed cut i cl es by BME wer e

	

pr ot ei ns have been named cpA t hr ough cpH i n or der of

anal yzed on SDS- acr yl ami de gel s of var i ous per cent ages . On

	

i ncr easi ng mol ecul ar wei ght ( Tabl e I V) . Sever al mi nor pr ot ei ns

1 2
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FI GURE 6 Bi r ef r i ngence of t he adul t cut i cl e. Not e t hat t he l at er al

al ae have a bi r ef r i ngence opposi t e t o t hat of t he r est of t he cut i cl e .

Speci men st age i n B i s r ot at ed 45 ° wi t h r espect t o A. Bar , 501am.

i nt er sper sed among t he maj or pr ot ei ns ( e . g. , bet ween A and B

and bet ween D and E, Fi g. 8A) wer e occasi onal l y but not

al ways obser ved. Many mi nor pr ot ei ns of ver y hi gh mol ecul ar

wei ght ( >220, 000) ar e r out i nel y obser ved on t hese gel s . Thei r

absence on gel s of mat er i al t r eat ed wi t h pepsi n at l ow t emper -

at ur e suggest s t hat t hey ar e cr oss- l i nked aggr egat es of l ower

Ef f ect s of Enzymes and ß- Mer capt oet hanol on Adul t Cut i cl e

St r uct ur e

TABLE I

* SDS- pur i f i ed adul t cut i cl es wer e i ncubat ed wi t h t he above enzymes or 0-

mer capt oet hanol , as descr i bed i n Mat er i al s and Met hods, and t he ef f ect s of
t hese t r eat ment s on t he t wo vi si bl e cut i cl e l ayer s and phar yngeal cut i cl e

mat er i al wer e moni t or ed by phase- cont r ast mi cr oscopy . ( +) i ndi cat es com-
pl et e di gest i on, wher eas ( 0) i ndi cat es no or onl y par t i al di gest i on .

FI GURE 7

	

Ef f ect s of pr onase and col l agenase on pur i f i ed adul t cut i cl es . SI DS- pur i f i ed adul t cut i cl es wer e washed once wi t h an
appr opr i at e buf f er and i ncubat ed at 22° C f or t he t i mes i ndi cat ed wi t h ei t her pr onase or col l agenase as descr i bed i n Mat er i al s and
Met hods . A, pr onase, 45 mi n . Unl i ke unt r eat ed cont r ol s ( Fi g . 4A) , pr onase- t r eat ed cut i cl es appear as " doubl e bags" due t o

separ at i on of t he out er and i nner cut i cl e l ayer s . Ar r ow poi nt s t o t he cut i cl e l i ni ng of t he phar ynx . x 600 . B, pr onase, 4 h . The i nner

cut i cl e l ayer has been compl et el y di gest ed and t he out er cut i cl e l ayer appear s f ai nt . x 250 . C, Col l agenase, 1 . 3 h . Cut i cl es appear

as doubl e bags . x 280 . D, col l agenase, 4 h . The i nner cut i cl e l ayer has been compl et el y di gest ed and t he out er cut i cl e l ayer appear s

f ai nt . The cut i cl e l i ni ng of t he phar ynx i s st i l l pr esent and does not appear t o be di gest ed . x 600.

Cox ET AL .

	

Caenor habdi t i s el egans Cut i cl e

	

1 3

Tr eat ment

Basal cut i cl e

l ayer

Cor t i cal

cut i cl e l ayer

Phar ynx

cut i cl e

Col l agenase + 0 0

El ast ase + + 0

Pr onase + 0 +

Chi t i nase 0 0 0

Li pase 0 0 0

/ 3- Mer capt oet hanol + 0 +



mol ecul ar wei ght mat er i al ( unpubl i shed r esul t s) . Four addi -

t i onal mi nor pr ot ei ns of l ow mol ecul ar wei ght ( 15- 40, 000) ar e

det ect ed when sol ubl e cut i cl e pr ot ei ns ar e el ect r ophor esed on

10%gel s ( Fi g . 8 B) . Thr ee of t he maj or pr ot ei ns, cpF, cpG, and

cpH, showi ncr eased appar ent mol ecul ar wei ght s on 10 vs . 6%

gel s, wher eas cpB exhi bi t s a sl i ght l y decr eased mol ecul ar

wei ght ( by - 10- 15%) on 10 vs . 6%gel s .

cpC and cpD account f or t he maj or por t i on ( 76%) of t ot al

sol ubl e cut i cl e pr ot ei n i n bands bel ow 220, 000, and t hese t wo

pr ot ei ns ar e pr esent i n a wei ght r at i o of - 2 : 3, r espect i vel y . The

pr opor t i on of t ot al sol ubl e cut i cl e pr ot ei n pr esent i n t he ot her

maj or bands i s gi ven i n Tabl e I V. A var i abl e amount ( ^- 20%)

of t ot al sol ubl e cut i cl e pr ot ei n i s pr esent i n bands >220, 000,

1 4

TABLE I I

Dr y Wei ght and Car bohydr at e Composi t i on of t he Adul t

Cut i cl e

l east t hr ee det er mi nat i ons . Dr y wei ght s wer e det er mi ned on sam-

pl es t hat had been r i nsed sever al t i mes wi t h di st i l l ed wat er and

l yophi l i zed . Sugar cont ent i s gi ven as per cent age dr y wei ght .

$ Der i ved by subst r act i ng i nsol ubl e cut i cl e dr y wei ght f r om pur i f i ed

cut i cl e dr y wei ght .

FI GURE 8

	

6%( A) and 10%( B) SDS- pol yacr yl ami de gel el ect r ophor esi s of wi l d- t ype ( N2) and f er - 1 sol ubl e cut i cl e pr ot ei ns . Pr ot ei ns

r el eased dur i ng soni cat i on of wi l d- t ype adul t nemat odes and by t r eat ment of cut i cl es wi t h SDS ar e di spl ayed i n l anes i and i i ,

r espect i vel y . The muscl e pr ot ei ns, myosi n heavy chai n ( MHC, 210, 000 mol wt ) , par amyosi n ( PM, 92, 500 mol wt ) , and act i n ( AC,

42, 000 mol wt ) , ar e i ndi cat ed . Ar r ows poi nt t o t he posi t i ons wher e t he al and a2 chai ns of r at - t ai l t endon col l agen mi gr at e i n our

gel syst em. i i i , sol ubl e cut i cl e pr ot ei ns of N2 adul t s . i v, sol ubl e cut i cl e pr ot ei ns of f er - 1 adul t s . The maj or cut i cl e pr ot ei ns ar e

l abel l ed cpA t hr ough cpH. The appr oxi mat e mol ecul ar wei ght s of t hese pr ot ei ns ar e gi ven i n Tabl e I V . Each gel l ane cont ai ns 30

hg ( A) or 50 hg ( B) of pr ot ei n .
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wi t h most of t hi s mat er i al bar el y ent er i ng a 6%gel .

The bandi ng pat t er ns obser ved on t hese gel s ar e hi ghl y

r epr oduci bl e i n t er ms of t he mobi l i t i es and r el at i ve amount s of

t he var i ous pr ot ei n speci es . I dent i cal gel pat t er ns ar e obser ved

TABLE I I I

Ami no Aci d Composi t i on of ß- Mer capt oet hanol - sol ubl e and

- i nsol ubl e Adul t Cut i cl e Pr ot ei ns

Ami no Aci d

	

Sol ubl e pr ot ei ns

	

I nsol ubl e pr ot ei ns

Resi dues/ 1000 t ot al ami no aci ds

Cyst ei ne$

	

30

	

25

Hydr oxypr ol i ne 120

	

75

Aspar t i c aci d§

	

80

	

59

Thr eoni ne

	

22

	

26

Ser i ne

	

38

	

44

Gl ut ami c aci d§

	

100

	

110

Pr ol i ne

	

113

	

134

Gl yci ne

	

263

	

224

Ar gi ni ne

	

30

	

14

* Aver ages of f our 24- h hydr ol yses on t hr ee di f f er ent cut i cl e pr epar at i ons
obt ai ned f r om f er - 1 adul t s .

$ Det er mi ned as cyst ei c aci d i n one sampl e t hat was oxi di zed wi t h per f or mi c
aci d .

§ I ncl udes t he ami di c f or ms.

Dr y wei ght

PgI 10'
nemat odes

Adul t nemat odes 469

Pur i f i ed cut i cl es 21 . 4

Neut r al sugar

%

Ami no sugar

%

Al ani ne

Val i ne

Met hi oni ne

I sol euci ne

Leuci ne

112

19

2 . 5

10

14

195

34

2 . 1

9 . 2

14

I nsol ubl e cut i cl e ma- 6 . 6 0 . 2 0 . 9 Tyr osi ne 5 . 2 7 . 5

t er i al Phenyl al ani ne 9 . 6 8 . 8

Sol ubl e cut i cl e ma- 14 . 8$ 1 . 7 0 Hi st i di ne 11 10

t er i al Hydr oxyl ysi ne 0 0

Lysi ne 23 1l
* Dat a ar e f or 28- h post dauer f er - 1 adul t s and ar e t he means f or at



* Mol ecul ar wei ght s wer e det er mi ned on 6%SDS gel s .

$ The per cent age of t ot al sol ubl e cut i cl e pr ot ei n i n each band was det er mi ned

by scanni ng Coomassi e Bl ue- st ai ned gel s at 595 nmand wei ghi ng cut out s

of t he i ndi vi dual peaks . The amount s of pr ot ei n appl i ed t o t he gel s var i ed

bet ween 20 and 60 Ag. Pr ot ei ns pr esent i n bands >220, 000 ar e not i ncl uded

i n t hese cal cul at i ons because of nonl i near i t y . Thi s mat er i al r epr esent ed 3

and 25%of t ot al sol ubl e cut i cl e pr ot ei n when 20 and 60I Lg of cut i cl e pr ot ei n,

r espect i vel y, wer e anal yzed . Dat a ar e t he means t 1 SD f or si x det er mi nat i ons

usi ng f our di f f er ent cut i cl e pr ot ei n pr epar at i ons .

when cut i cl e pr ot ei ns ar e car bami domet hyl at ed wi t h i odoacet -

ami de bef or e el ect r ophor esi s ( 22) or when gel s ar e r un under

r educi ng condi t i ons ( i n t he pr esence of 10 mMt hi ogl ycol at e) ;

t her ef or e, i t i s hi ghl y unl i kel y t hat any of t hese pr ot ei ns ar e

aggr egat i on pr oduct s r esul t i ng f r omt he r eoxi dat i on of cyst ei ne

r esi dues dur i ng el ect r ophor esi s . Al l of t he sol ubl e cut i cl e pr o-

t ei ns descr i bed ar e seen i n cut i cl e pr ot ei n ext r act s pr epar ed

f r om bot h wi l d t ype ( N2) nemat odes and a t emper at ur e- sensi -

t i ve f er t i l i zat i on- def ect i ve mut ant ( f er - 1, see Fi g. 8) ; t her ef or e,

none of t hese pr ot ei ns can be cont ami nant s ar i si ng f r om egg-

shel l s, whi ch copur i f y wi t h cut i cl es ( see Mat er i al s and Met h-

ods) . Sol ubl e cut i cl e pr ot ei ns f r om mal es have al so been ex-

ami ned . No di f f er ences wer e det ect ed bet ween t hese and t he

pr ot ei ns i sol at ed f r om her maphr odi t es .

A compar i son of t he gel l anes i n Fi g. 8 i ndi cat es t hat none

of t he maj or sol ubl e cut i cl e pr ot ei ns ar e pr esent among t he

pr ot ei ns r el eased f r om t he nemat odes by soni cat i on or f r om

cut i cl es by SDS t r eat ment . Al t hough some cut i cl e pr ot ei ns

appear t o comi gr at e wi t h pr ot ei ns r el eased by SDS ( e . g . , cpH

and MHCi n Fi g. 8) , ot her r esul t s ( di scussed i n t he f ol l owi ng

par agr aphs) i ndi cat e t hat t he cut i cl e pr ot ei ns ar e di st i nct f r om

t he SDS- sol ubl e pr ot ei ns . Fi r st , onl y t he cut i cl e pr ot ei ns ar e

sensi t i ve t o col l agenase di gest i on . Second, Coomassi e Br i l l i ant

Bl ue R- 250 st ai ns cut i cl e pr ot ei ns pi nk and al l ot her pr ot ei ns

bl ue . The absence of t he maj or muscl e pr ot ei ns, myosi n, par -

amyosi n, and act i n, f r om t hese sol ubl e cut i cl e pr ot ei n pr epa-

r at i ons conf i r ms t he ef f ect i veness of our i sol at i on met hods .

I dent i f i cat i on of Sol ubl e Cut i cl e Pr ot ei ns

as Col l agens

TABLE I V

Sol ubl e Pr ot ei ns of t he Adul t Cut i cl e

To det er mi ne whi ch of t he maj or sol ubl e cut i cl e pr ot ei ns

wer e col l agens, we t r eat ed t hese pr ot ei ns wi t h Cl ost r i di al col -

l agenase f or var i ous l engt hs of t i me at var i ous enzyme t o

subst r at e r at i os as descr i bed i n Mat er i al s and Met hods and

anal yzed t he pr oduct s by SDS- PAGE. Cl ost r i di a! col l agenase

speci f i cal l y hydr ol yzes t he X- Gl y bond i n t he sequence Pr o- X-

Gl y- Pr o- Y commonl y f ound i n col l agens ( 23) . Seven noncol -

l agen pr ot ei ns nor mal l y used as mol ecul ar wei ght mar ker s wer e

al so t r eat ed i n par al l el i ncubat i ons . As shown i n Fi g . 9, al l of

t he maj or sol ubl e cut i cl e pr ot ei ns, as wel l as al l of t he mi nor

pr ot ei ns pr esent i n bands >220, 000, ar e ext ensi vel y degr aded

by col l agenase . None of t he noncol l agen cont r ol pr ot ei ns ar e

af f ect ed by t hi s enzyme, i ndi cat i ng t hat t he di gest i on obser ved

wi t h t he sol ubl e cut i cl e pr ot ei ns i s speci f i c and not t he r esul t of

cont ami nat i ng pr ot eases . When cut i cl e pr ot ei n di gest i on pr od-

uct s ar e el ect r ophor esed on 10% gel s, no di st i nct bands ar e

obser ved, but r at her a new l ar ge smear appear s i n t he 15-

25, 000- mol - wt r ange. Thi s mat er i al may r epr esent i ncompl et e

di gest i on pr oduct s or noncol l agen por t i ons of sol ubl e cut i cl e

pr ot ei n pol ypept i de chai ns .

Sever al st udi es ( 24, 25) have demonst r at ed t hat col l agens

f r om a wi de var i et y of ver t ebr at e sour ces exhi bi t met achr omat i c

st ai ni ng wi t h t he dye Coomassi e Bl ue R- 250. Noncol l agen

pr ot ei ns st ai n bl ue wi t h t hi s dye, wher eas al l col l agens exam-

i ned st ai n pi nk . Al l of t he maj or sol ubl e cut i cl e pr ot ei ns al so

st ai n pi nk wi t h t hi s dye . On t he same gel s, t he SDS- sol ubl e

and buf f er - sol ubl e pr ot ei ns st ai n bl ue, as expect ed f or noncol -

l agen pr ot ei ns .

DI SCUSSI ON

Thi s r epor t of f er s t he f i r st det ai l ed descr i pt i on of t he ul t r ast r uc-

t ur e and pr ot ei n composi t i on of t he C. el egans adul t cut i cl e .

Al t hough t he cut i cl e has a compl ex mor phol ogy, i t appear s t o

be compr i sed pr i mar i l y of a l i mi t ed number of pr ot ei n com-

ponent s . Our i sol at i on pr ocedur e ( soni cat i on f ol l owed by i n-

cubat i on wi t h SDS) pr ovi des cut i cl es t hat appear f r ee of con-

t ami nat i on by cel l ul ar mat er i al . Al t hough t he mor phol ogy of

t hese cut i cl es i s l ar gel y si mi l ar t o t hat of i n si t u cut i cl es, as

j udged by bot h l i ght and el ect r on mi cr oscopy, i t i s possi bl e t hat

some st r uct ur al cut i cl e pr ot ei ns ar e r emoved by SDS.

The maj or por t i on of t he cut i cl e, cor r espondi ng t o t he ent i r e

basal l ayer , st r ut s, and i nt er nal cor t i cal l ayer , i s sol ubi l i zed by

r educi ng agent s, i ndi cat i ng t hat t he i nt egr i t y of t hese st r uct ur es

i n vi vo must der i ve f r om di sul f i de cr oss l i nks bet ween t he

component pr ot ei ns . The f i ndi ng of 3%hal f - cyst ei ne r esi dues

i n t hese pr ot ei ns i s consi st ent wi t h t he not i on of ext ensi ve

di sul f i de cr oss- l i nki ng wi t hi n t he cut i cl e . The pr ot ei ns t hat

compr i se t hese st r uct ur es ar e r esol vabl e i nt o ei ght maj or and

sever al mi nor component s i n t he 50- 220, 000 mol ecul ar wei ght

r ange by SDS- PAGE. By sever al cr i t er i a ( ami no aci d compo-

si t i on, col l agenase sensi t i vi t y, and met achr omat i c st ai ni ng wi t h

Coomassi e Bl ue R- 250) , t he ei ght maj or component s appear t o

be col l agens. I n mor e r ecent st udi es ( M. Kusch, unpubl i shed

r esul t s) , we have f ound t hat t hese pr ot ei ns ar e l ar gel y r esi st ant

t o degr adat i on by pepsi n, a f ur t her i ndi cat i on of t hei r col l age-

nous nat ur e. Because col l agens mi gr at e anomal ousl y on SDS

gel s ( 26) , t he mol ecul ar wei ght s det er mi ned f or t hese pr ot ei ns

shoul d, at pr esent , be consi der ed onl y t ent at i ve .

I t i s not possi bl e at t hi s t i me t o say whet her t he di f f er ent

mol ecul ar - wei ght col l agen speci es r epr esent uni que col l agen

chai ns or whet her some ar e cr oss- l i nked aggr egat es or speci f i c

post - t r ansl at i onal cl eavage pr oduct s of ot her col l agen mol e-

cul es . I t i s pr obabl e t hat most of t he mi nor pr ot ei ns of mol ec-

ul ar wei ght >220, 000 obser ved on our gel s ar e cr oss- l i nked

aggr egat es of t he l ower mol ecul ar - wei ght speci es . I t i s unl i kel y

t hat t he het er ogenei t y i n mol ecul ar wei ght of t he maj or col l a-

gen speci es i s due t o var i abi l i t y i n associ at ed car bohydr at e ;

l i t t l e car bohydr at e i s associ at ed wi t h t he sol ubl e cut i cl e pr ot ei ns

and, f ur t her mor e, t he appar ent mol ecul ar wei ght s of t hese

pr ot ei ns, except f or cpB, do not decr ease appr eci abl y when

t hese pr ot ei ns ar e el ect r ophor esed on hi gher per cent age gel s

( i . e. , 10 vs . 6%) as woul d be expect ed f or gl ycopr ot ei ns ( 27) .

The gener at i on of ant i bodi es t o speci f i c adul t cut i cl e pr ot ei ns

and t he anal ysi s of mut ant s l acki ng speci f i c cut i cl e pr ot ei ns

shoul d ai d i n det er mi ni ng t he uni queness of t hese mol ecul es

Cox ET At .

	

Caenor habdi t i s el egans Cut i cl e

	

1 5

Pr ot ei n

Appar ent mol ecul ar

wei g ht *

Tot al Sol ubl e Cut i cl e

Pr ot ei n$

cpA 54, 000 4. 5 ± 1 . 9

cpB 70, 000 6. 1 t 0. 7

cpC 91, 000 28 . 6 t 2 . 6

cpD 106, 000 47 . 4 ± 2. 7

cpE 138, 000 5. 2 ± 2. 2

cpF 171, 000 1 . 8 ± 0. 6

cpG 197, 000 5. 6 t 1 . 3

cpH 212, 000 1 . 4 ± 0. 8



FI GURE 9

	

Col l agenase sensi t i vi t y of sol ubl e cut i cl e pr ot ei ns . Sol ubl e cut i cl e pr ot ei ns and noncol l agen pr ot ei ns ( mol ecul ar wei ght

mar ker s) wer e i ncubat ed wi t h Cl ost r i di al col l agenase f or 5 h at 37° C at an enzyme- t o- subst r at e r at i o of 1 : 10, as descr i bed i n

Mat er i al s and Met hods . Cont r ol sampl es wer e t r eat ed i n par al l el i ncubat i ons mi nus enzyme . Di gest i on pr oduct s ar e di spl ayed on

6% ( A) and 10% ( B) SDS pol yacr yl ami de gel s . Lane i , sol ubl e cut i cl e pr ot ei ns ( 40 Ag) i ncubat ed wi t hout col l agenase; i i , sol ubl e

cut i cl e pr ot ei ns ( 40 Wg) i ncubat ed wi t h col l agenase ; i i i , col l agenase ( 4 pg) ; i v, noncol l agen pr ot ei ns ( 10 pg) i ncubat ed wi t h

col l agenase ( not e t hat col l agenase comi gr at es wi t h one of t he noncol l agenase pr ot ei ns i n gel A and i s obscur ed) ; v, noncol l agen

pr ot ei ns ( 10 gg) i ncubat ed wi t hout col l agenase .

and i n l ocal i zi ng t hemt o speci f i c r egi ons of t he cut i cl e.

The t r i pl e hel i cal st r uct ur e of col l agen r equi r es t hat gl yci ne

be pr esent i n ever y t hi r d posi t i on; t her ef or e, t he l ow bul k

gl yci ne cont ent ( 26%) of t he sol ubl e cut i cl e pr ot ei ns suggest s

t hat t hey can cont ai n on t he aver age a maxi mum of 78%

col l agen hel i x st r uct ur e and t hat gl obul ar , nonhel i x r egi ons

must compr i se si gni f i cant por t i ons of t hese pol ypept i de chai ns .

I n t hi s r espect , t he st r uct ur e of t hese mol ecul es may be si mi l ar

t o t hat of ver t ebr at e pr ocol l agens or basement - membr ane col -

l agens ( 28) .

The i nsol ubl e por t i on of t he C. el egans cut i cl e appear s t o

consi st pr i mar i l y of t he ext er nal cor t i cal l ayer and a smal l

amount of i nt er nal cor t i cal l ayer mat er i al . The nat ur e of t he

coval ent cr oss l i nks r esponsi bl e f or t he i nt egr i t y of t hese st r uc-
t ur es i s not known . Fr omel ect r on mi cr ogr aphs, t hese st r uct ur es

do not seemt o cor r espond t o 31%of t he cut i cl e' s vol ume . One

possi bl e r eason f or t hi s di scr epancy i s t hat t he i nsol ubl e cut i cl e

mat er i al i s mor e densel y packed t han t he r est of t he cut i cl e.

The i nsensi t i vi t y of t hi s mat er i al t o di gest i on by Cl ost r i di al

col l agenase suggest s t hat i t i s compr i sed pr i mar i l y of noncol -

l agen pr ot ei ns . However , cer t ai n annel i d cut i cl e col l agens ar e

not r eadi l y di gest ed by t hi s enzyme ( 29, 30) ; t her ef or e, unt i l

f ur t her st udi es ar e per f or med, we cannot r ul e out t he possi bi l i t y

t hat t he i nsol ubl e cut i cl e mat er i al i s compr i sed of col l agen

f or ms di st i nct f r om t hose of t he sol ubl e cut i cl e l ayer s . We

consi der t hi s pr oposal unl i kel y, however , because t he cor r e-

spondi ng i nsol ubl e mat er i al of t he Ascar i s cut i cl e, whi ch al so

appear s t o der i ve f r om t he ext er nal cor t i cal l ayer , does not gi ve

an x- r ay di f f r act i on pat t er n t ypi cal of col l agen ( 31) .

The weak negat i ve bi r ef r i ngence of t he cut i cl e appear s t o be
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due t o or der ed mat er i al i n t he basal cut i cl e l ayer , because

r emoval of t hi s l ayer wi t h enzymes or BME causes t he cut i cl e

t o l ose i t s bi r ef r i ngence . Wi t h Ascar i s, t he bi r ef r i ngence of t he

adul t cut i cl e has been shown t o be due l ar gel y t o t he subl ayer s

of spi r al i ng f i ber s pr esent i n t he basal cut i cl e l ayer ( 32, 33) .

The f i ber l ayer s of t he Ascar i s cut i cl e spi r al ar ound t he ani mal

i n opposi t e di r ect i ons, each at an angl e of 70° r el at i ve t o t he

wor m' s l ong axi s. The f i ber l ayer s, t her ef or e, cr oss each ot her

at an angl e of - 140° . Thi s or i ent at i on woul d pr oduce a nega-

t i ve bi r ef r i ngence si mi l ar t o t hat obser ved f or t he C. el egans

cut i cl e . These obser vat i ons suggest t hat t he t wo f i br i l l ar l ayer s

of t he C. el egans cut i cl e and t hose of t he Ascar i s cut i cl e ar e

or gani zed i n a si mi l ar manner . The opposi t e, posi t i ve bi r ef r i n-

gence of t he al ae suggest s t hat t he f i br i l l ar mat er i al beneat h

t hese st r uct ur es i s or gani zed l ongi t udi nal l y .

Compar i son of t he cut i cl e of C. el egans and t hat of Ascar i s

l umbr i coi des and Panagr el l us si l usi ae, t he onl y ot her nemat odes

f or whi ch bot h bi ochemi cal and ul t r ast r uct ur al dat a ar e avai l -

abl e, r eveal s many si mi l ar i t i es and a number of st r i ki ng di f f er -

ences. I n cont r ast t o t he l ar ge number of di f f er ent mol ecul ar -

wei ght col l agen speci es f ound i n t he C. el egans cut i cl e, t he

Ascar i s cut i cl e appear s t o be compr i sed of onl y t hr ee di f f er ent

col l agen chai ns, each wi t h a mol ecul ar wei ght of 52, 000 ( 34) .

Thi s di f f er ence i s sur pr i si ng i n t hat t he i nt er nal ar chi t ect ur e of

bot h cut i cl es i s basi cal l y si mi l ar ( 32) . The Panagr el l us cut i cl e,

whi ch has a st r uct ur e qui t e di f f er ent f r om t hat of C. el egans,

al so appear s t o be compr i sed of a l ar ge number of pr ot ei n

component s, of whi ch at l east f our appear t o be col l agens ( 10,

35) .

Al t hough t he cut i cl es of t hese t hr ee nemat odes appear t o be



chemi cal l y si mi l ar , si gni f i cant di f f er ences ar e appar ent when

t he ami no aci d composi t i ons of t he cut i cl e pr ot ei ns of t hese

nemat odes ar e compar ed ( 9, 10, 31) . Most st r i ki ng i s t he

di f f er ence i n l evel s of hydr oxyl at ed pr ol i ne r esi dues . The ~ 1 : 1

r at i o of hydr oxypr ol i ne t o pr ol i ne i n t he C. el egans sol ubl e

cut i cl e pr ot ei ns i s si mi l ar t o t he r at i o f ound i n many ver t ebr at e

col l agens ; however , i t i s much gr eat er t han t he r at i os of t hese

t wo ami no aci ds obser ved i n t he cor r espondi ng pr ot ei ns of t he

Ascar i s ( 1 : 20) or Panagr el l us ( 1 : 8) cut i cl es . Fur t her mor e, hy-

dr oxypr ol i ne i s compl et el y absent f r om t he i nsol ubl e pr ot ei ns

of t he Ascar i s cut i cl e. Thi s l at t er di f f er ence may i ndi cat e t hat

some col l agens ar e cr oss- l i nked i nt o t he i nsol ubl e mat er i al of

t he C. el egans cut i cl e. Our ami no aci d composi t i on of t he C.

el egans cut i cl e pr ot ei ns ( Br i st ol st r ai n) di f f er s i n sever al r espect s

f r om t hat r epor t ed f or t he Ber ger ac st r ai n ( 8) . However , t he

anal yses ar e not di r ect l y compar abl e because t hese aut hor s

used a di f f er ent met hod ( hot t r i chl or oacet i c aci d ext r act i on) t o

obt ai n t he cut i cl e pr ot ei ns . Addi t i onal l y, t he pur i f i ed adul t

cut i cl es shown i n t hei r r epor t have a mor phol ogy qui t e di f f er ent

f r om t hat det er mi ned by us f or t he Br i st ol st r ai n.

Our st udi es of t he C. el egans cut i cl e have r ai sed sever al

quest i ons concer ni ng i t s assembl y . Fi r st , t he appar ent l y l ar ge

number of col l agen speci es i n t he cut i cl e r ai ses t he quest i on of

whet her t he di f f er ent pr ot ei ns ser ve di st i nct or over l appi ng

f unct i ons . The di f f er ent col l agen chai ns i dent i f i ed i n humans

t o dat e al l show di st i nct t i ssue and st r uct ur al speci f i ci t i es ( 36) .

I t i s an at t r act i ve not i on t hat t he mor phol ogi cal compl exi t y of

t he cut i cl e der i ves f r om t he use of a number of st r uct ur al l y

di f f er ent pr ot ei ns i n i t s assembl y . I f t hi s i s t he case, t hen i t

shoul d be possi bl e t o l ocal i ze t he di f f er ent pr ot ei ns t o speci f i c

par t s of t he cut i cl e, such as t he st r ut s and f i ber l ayer s . These

st udi es ar e cur r ent l y i n pr ogr ess. A mor e gener al quest i on

r ai sed by t hi s and ot her st udi es of ext r acel l ul ar st r uct ur es ( 36,

37) i s t o what ext ent t he var i ous component pr ot ei ns det er mi ne

t he st r uct ur al or gani zat i on of t he cut i cl e? Fr omul t r ast r uct ur al

st udi es of mol t i ng nemat odes ( 3, 21) , i t i s cl ear t hat t he hypo-

der mi s, t hr ough i t s pat t er n of secr et i on, pl ays a maj or r ol e i n

det er mi ni ng t he or gani zat i on of t he sur f ace f eat ur es of t he

cut i cl e, t he annul i and al ae . Whet her t he i nt er nal ar chi t ect ur e

of t he cut i cl e i s si mi l ar l y der i ved r emai ns t o be det er mi ned.

The st udi es on t he adul t cut i cl e r epor t ed her e ar e i nt ended

t o l ay t he gr oundwor k f or compar at i ve devel opment al st udi es

of t he cut i cl es of t he var i ous j uveni l e f or ms and f or anal yses of

put at i ve cut i cl e mut ant s . As we have not ed, some of t he

j uveni l e f or ms have cut i cl es of di st i nct i ve mor phol ogy, and our

pr el i mi nar y obser vat i ons ( unpubl i shed) i ndi cat e t hat t he pat -

t er ns of sol ubl e pr ot ei ns i sol at ed f r omt he cut i cl es of t he var i ous

j uveni l e st ages ar e al so di st i nct i ve . To dat e, we have i dent i f i ed

mut at i ons i n >30 genes t hat af f ect t he st r uct ur e of t he cut i cl e

( 6 ; unpubl i shed r esul t s) and have now begun t o ext end t he

phenot ypi c char act er i zat i on of t hese mut ant s t o t he ul t r ast r uc-

t ur al and bi ochemi cal l evel s . At l east one of t hese mut ant s

appear s t o be l acki ng speci f i c adul t cut i cl e pr ot ei ns . Thus, we

bel i eve t hat t he f or mat i on of t he C. el egans cut i cl e of f er s

pr omi se as a compl ex devel opment al pr ocess amenabl e t o bot h

genet i c and bi ochemi cal anal yses.
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